Background
==========

Decreasing of blood supply in brain tissues can lead to lack of glucose and cause hypoxia of nerve cells. Moreover, the recovery of blood supply further aggravates the damage of brain tissues, which is called cerebral ischemia-reperfusion injury \[[@b1-medscimonit-26-e924781]\]. Cerebral ischemia-reperfusion injury causes serious nervous system damage, which can further induce the occurrence and development of ischemic stroke and other diseases \[[@b2-medscimonit-26-e924781],[@b3-medscimonit-26-e924781]\]. It is well known that ischemic stroke is a common cerebrovascular disorder with high morbidity and it is recognized as one of the leading causes of severe disability and death worldwide. Additionally, cerebral ischemia-reperfusion can lead to oxidative stress, inflammatory responses, and dysfunction of the brain by promoting the production of reactive oxygen species (ROS) \[[@b4-medscimonit-26-e924781],[@b5-medscimonit-26-e924781]\]. Although recent studies have revealed some molecular mechanisms of cerebral tissue injury induced by cerebral ischemia-reperfusion, current clinical therapies for cerebral ischemia-reperfusion injury have various limitations. Therefore, there is a need to find novel and effective therapeutic strategies for cerebral ischemia-reperfusion injury.

Previous research revealed that the PI3K/Akt pathway plays a critical role during the development of cerebral ischemia-reperfusion-induced damage, and activation of the PI3K/Akt pathway can relieve the symptoms of ischemia-reperfusion injury \[[@b6-medscimonit-26-e924781],[@b7-medscimonit-26-e924781]\]. However, higher levels of PTEN are associated with the development of cerebral ischemia-reperfusion injury \[[@b8-medscimonit-26-e924781]\], and PTEN can also aggravate cerebral ischemia-reperfusion-induced damage by repressing the PI3K/Akt pathway \[[@b9-medscimonit-26-e924781]\]. There is also research showing that miR-214 can relieve the inhibitory effect of PTEN on the PI3K/Akt pathway by suppressing the production of PTEN \[[@b10-medscimonit-26-e924781]\]. However, whether miR-214 can affect cerebral ischemia-reperfusion injury by regulating the PTEN/PI3K/Akt pathway is unclear.

Long non-coding RNA (lncRNA) is a type of non-coding RNA more than 200 nucleotides in length. Some studies have revealed that such non-coding RNAs play an essential role during the processes of cell differentiation, transcription, and apoptosis \[[@b11-medscimonit-26-e924781],[@b12-medscimonit-26-e924781]\]. Moreover, lncRNA is also expressed in the central nervous system and regulates dysfunction of the nervous system and brain function \[[@b13-medscimonit-26-e924781],[@b14-medscimonit-26-e924781]\], and there is research suggesting that the lncRNA NEAT1 affects progression of thyroid carcinoma \[[@b15-medscimonit-26-e924781]\]. However, whether lncRNA NEAT1 impedes the regulating effect of miR-214 on cerebral ischemia-reperfusion injury is unclear.

We injected the miR-214 inhibitor into the encephalocele of middle cerebral artery occlusion (MCAO) model rats. Next, we assessed oxidative stress, inflammatory responses, and apoptosis of brain tissue, and measured the levels of lncRNA NEAT1, PI3K, PTEN, and Akt in brain tissue with Western blotting and RT-PCR. The results revealed the effect of lncRNA NEAT1/miR-214/PTEN/PI3K/Akt on cerebral ischemia-reperfusion injury.

Material and Methods
====================

Animal experiments
------------------

We obtained 65 healthy male Sprague-Dawley (SD) rats from the Experimental Animal Center of the Chinese Academy of Sciences (Shanghai, China). All animal care and experimental procedures were conducted in accordance with the guidelines approved by the Animal Ethics Committee of the Third People's Hospital of Nantong City (EK2019008). MCAO rat modeling was conducted as previously described \[[@b16-medscimonit-26-e924781],[@b17-medscimonit-26-e924781]\]. In brief, rats were anesthetized with 4% isoflurane in medical oxygen, and then isoflurane was reduced to 2% for maintenance. The right common carotid artery, external carotid artery, and internal carotid artery were dissected from the surrounding tissues. After ligation of the common carotid artery and external carotid artery, a 4--0 nylon suture with silicon was gently introduced into the internal carotid artery for approximately 20 mm. After 2 h of ischemia, the line plug was withdrawn to allow for reperfusion. Sham group rats underwent the same procedure but without blocking the origin of the MCA. miR-214 agomir and miR-214 antagomir were designed by GeneChem (Shanghai, China) and injected into the encephalocele to change the expression of miR-214 in the brain. Fifteen rats were injected with miR-214 agomir, miR-214 antagomir, and the corresponding negative control to confirm the effect of overexpression and inhibition. Twenty-five SD rats were grouped into 5 groups (5 rats per group): a control group, an MCAO group, MCAO+PBS group (containing the negative control of miR-214 agomir and miR-214 antagomir), an MCAO+miR-214 agomir group, and an MCAO+miR-214 antagomir group. Twenty-five SD rats were divided into 4 groups: a control group, an MCAO group, an MACO+miR-214 agomir group, an MACO+miR-214 agomir+vector group, and an MACO+miR-214 agomir+lnc NEAT1 group. lncRNA NEAT1 (overexpression lentivirus) was obtained from GeneChem (Shanghai, China) and injected into the tail vein. All these rats were humanely euthanized according to ethics guidelines 48 h after the injection. After euthanasia, the brain tissues and blood of these rats were collected for the next assessment.

Staining of 2, 3, 5-triphenyltetrazolium chloride (TTC)
-------------------------------------------------------

TTC staining was performed to distinguish between viable and infarcted brain tissue after stroke. The brain tissues were washed with PBS and then maintained at −20°C for 10 min. The brain tissues were cut along the coronal shape, and then were incubated with TTC solution for 30 min. These sections were fixed with 4% paraformaldehyde (Wako Pure Chemical Industries, Osaka, Japan) after staining. Next, the sections were photographed and analyzed with ImageJ software (NIH, USA). White areas were infarcted brain tissues and the other areas were the normal tissues. Cerebral infarction rate (%)=infarct area/total area×100%.

Detection of SOD, MDA, and CAT
------------------------------

MDA was measured with an MDA assay kit (Nanjing Jiancheng company, China; A003-1-2). Briefly, brain samples were incubated with RIPA buffer for 30 min on ice. After centrifugation at 13 000 rpm, 0.1 ml supernatant of each sample and 3 mL of mixed reagent were mixed and cultured for 40 min at 95°C, and then centrifuged at 3500 rpm for 10 min. Finally, the absorbance of each sample was determined at 532 nm wavelength by a microplate reader (Thermo Scientific, Boston, USA). SOD was quantified with a SOD assay kit (Nanjing Jiancheng company, China; A001-3-2). Briefly, 20 μl of sample and 0.22 mL of mixed reagent were added and mixed evenly. After culturing for 20 min at 37°C, the absorbance of each sample was determined at 450 nm wavelength by a microplate reader (Thermo Scientific, Boston, USA). CAT was determined with a CAT assay kit (Nanjing Jiancheng company, China; A007-2-1). Briefly, 0.05 ml of sample and 1 mL of mixed reagent were added and mixed evenly. After culturing for 1 min at 37°C, the absorbance of each sample was determined at 240 nm wavelength by a microplate reader (Thermo Scientific, Boston, USA).

TUNEL staining
--------------

Rat brain tissues were cut into sections and deparaffinized, then hydrolyzed with proteinase K working solution for 30 min. Then, the sections were washed with PBS 3 times. Next, terminal deoxynucleotide transferase (TdT) buffer was added and incubated with the sections for 10 min. After that, TUNEL reaction mixture (Roche, Switzerland) was added to the sections and maintained at room temperature for 1 h. Next, the sections were washed 3 times with cold PBS. Diaminobenzidine chromogen (DAB) was added and incubated with the sections for color development. All images were captured with a light microscope (OLYMPUS, Japan) at 400× magnification.

Luciferase reporter assays
--------------------------

PC12 cells were obtained from ATCC (Manassas, VA, USA) and used for the luciferase reporter assay. These cells were cultured with Dulbecco's modified Eagle's medium (DMEM, USA) with 10% fetal bovine serum (Gibco, USA). By searching on the LncBase v.2 database, we found that PTEN was the potential target gene of miR-214-3b and miR-214-3b was a target of lncRNA NEAT1. To confirm these results, luciferase reporter assay was carried out, and commercial kits (Promega, USA; E1910) were used for detection of fluorescence. The intensity of fluorescence was measured with a spectrophotometer (Thermo Fisher Scientific, USA). All procedures were performed according to the manufacturer's instructions.

Western blotting
----------------

Total protein was collected with RIPA buffer (Beyotime, China). Next, the concentration of these protein samples was determined with BCA method (Beyotime, China). After that, proteins were separated with 10% SDS-PAGE gel (Beyotime, China) and transferred to PVDF membranes (Millipore, USA). Membranes were blocked with the 5% skim milk powder (Cell Signaling Technology, USA). Next, the membranes were incubated with the primary antibodies at 4°C overnight. The primary antibodies used in this research were Bax (Abcam, ab32503), Bcl-2 (Abcam, ab32124), Cleaved caspase3 (Abcam, ab2302), pro-caspase3 (Abcam, ab32150), PTEN (Abcam, ab32199), PI3K (Abcam, ab32089), p-PI3K (CST, 17366S), Akt (Abcam, ab8805), p-Akt (Abcam, ab38449), and VEGF (Abcam, ab32152). On the second day, membranes were incubated with secondary antibody. Bands were observed with enhanced chemiluminescence reagents (Pierce, Rockford, IL, USA). The relative intensity of target proteins was analyzed by Image J software and normalized to GAPDH expression level.

RT-PCR
------

Total RNA was extracted with the Trizol method (Thermo Fisher Scientific, USA). Next, the mRNA was reverse-transcribed into cDNA using a commercial kit (Roche, Switzerland; 11483188001). SYBR Green Realtime PCR Master Mix (TaKaRa, Japan) was used for the determination of fluorescence signals. The amplification of cDNA was performed with the ABI 7500 system (Thermo Fisher Scientific, USA), and the 2^−ΔΔCt^ method was used for analysis of relative expression of target genes. The following primers were used in this study: miR-214 forward primer 5′-CACTCTATATAGTGTATCTTTC-3′, Reverse primer 5′-GGCTTTTAGTGTACGTCGTAATG-3′.

Statistical analysis
--------------------

Data were analyzed with Graphpad Prism 7.0 (GraphPad Software Inc., USA). The *t* test was performed to compare differences between groups, with statistical significance set at P less than 0.05. Data are expressed as mean±SD. All experiments were repeated 3 times independently.

Results
=======

miR-214 relieved the cerebral infarction induced by cerebral ischemia-reperfusion
---------------------------------------------------------------------------------

miR-214 agomir, miR-214 antagomir, and the corresponding negative control were designed and injected into the encephalocele of SD rats. Next, the levels of miR-214 in brain tissues of rats were determined with RT-PCR. The results ([Figure 1A](#f1-medscimonit-26-e924781){ref-type="fig"}) showed that the levels of miR-214 were upregulated after the injection of miR-214 agomir, and the expression of miR-214 was decreased after the injection of miR-214 antagomir. After that, we established the MCAO rat model to further study the effect of miR-214 on cerebral ischemia-reperfusion injury. TTC staining assay results showed that the cerebral infarction rate decreased after injection of miR-214 agomir and was increased after injection of miR-214 antagomir ([Figure 1B, 1C](#f1-medscimonit-26-e924781){ref-type="fig"}).

miR-214 alleviated the oxidative stress of brain tissues caused by cerebral ischemia-reperfusion
------------------------------------------------------------------------------------------------

Brain tissues and peripheral blood were collected for the next experiment. The levels of oxidative stress-related enzymes in brain tissues and peripheral blood were detected with kits. SOD and CAT are antioxidant enzymes, while MDA is a product of peroxidation. As shown in [Figure 2A](#f2-medscimonit-26-e924781){ref-type="fig"}, the expression of SOD and CAT was enhanced but the levels of MDA were decreased in brain tissues after injection of miR-214 agomir. Moreover, the levels of SPD and CAT declined while the expression of MDA was promoted after injection of miR-214 antagomir. Changes in levels of these factors reflected the same trend in peripheral blood ([Figure 2B](#f2-medscimonit-26-e924781){ref-type="fig"}).

miR-214 relieved cerebral ischemia-reperfusion-induced brain cells apoptosis
----------------------------------------------------------------------------

TUNEL staining was performed to determine the apoptosis rate of brain cells, showing that apoptosis of brain cells was relieved after injection of miR-214 agomir ([Figure 3A](#f3-medscimonit-26-e924781){ref-type="fig"}), and the injection of miR-214 antagomir aggravated the apoptosis of brain cells. The expression of apoptosis-related proteins (Bax, Bcl-2, and Cleaved caspase3) was detected with Western blotting, showing that the levels of Bax and Cleaved caspase3, and apoptotic proteins were reduced, while the level of Bcl-2, an anti-apoptotic protein, was increased in brain tissues of the miR-214 agomir group rats. After injection of miR-214 antagomir, the expression levels of Bax and Cleaved caspase3 were enhanced, while Bcl-2 expression was decreased in brain tissues ([Figure 3B](#f3-medscimonit-26-e924781){ref-type="fig"}).

miR-214 alleviated cerebral ischemia-reperfusion injury by interfering in the PTEN/PI3K/Akt pathway
---------------------------------------------------------------------------------------------------

Some studies revealed that miR-214 overexpression relieved the suppressive influence of PTEN on the PI3K/Akt pathway and thus alleviated the apoptosis of multiple types of cells \[[@b10-medscimonit-26-e924781],[@b18-medscimonit-26-e924781]\], and activation of the PI3K/Akt pathway was associated with the remission of cerebral ischemia-reperfusion injury \[[@b6-medscimonit-26-e924781],[@b19-medscimonit-26-e924781]\]. Thus, we determined the expression of PTEN, PI3K, Akt, p-Akt, and VEGF in brain tissues after changing the expression of miR-214. We found that the expression of PI3K, Akt, p-Akt, and VEGF was enhanced and the expression of PTEN was inhibited after the injection of miR-214 agomir ([Figure 4](#f4-medscimonit-26-e924781){ref-type="fig"}). After the injection of miR-214 antagomir, the expression of PI3K, Akt, p-Akt, and VEGF was suppressed, while the level of PTEN was upregulated in the brain tissues of rats. Next, the targeting effect of miR-214 on PTEN was verified with luciferase reporter assay in PC12 cells, showing that the fluorescence intensity was decreased in the wild-type PTEN and miR-214 mimic system ([Figure 5A, 5B](#f5-medscimonit-26-e924781){ref-type="fig"}). There is also research showing that lncRNA NEAT1 can target and inhibit the expression of miR-214 in endometrial carcinoma cells \[[@b20-medscimonit-26-e924781]\]. Therefore, the targeting effect of lncRNA NEAT1 on miR-214 was also detected with the luciferase reporter assay in PC12 cells. As shown in [Figure 5C and 5D](#f5-medscimonit-26-e924781){ref-type="fig"}, the fluorescence intensity was lower in the wild-type lncRNA NEAT1 and miR-214 mimic system. These results suggest that lncRNA NEAT1 targets and suppresses the expression of miR-214, and miR-214 also targets and inhibits the expression of PTEN.

lncRNA NEAT1 attenuated the remission effect of miR-214 on cerebral ischemia-reperfusion injury by regulating the PTEN/PI3K/Akt pathway
---------------------------------------------------------------------------------------------------------------------------------------

To further explore the role of lncRNA NEAT1 in cerebral ischemia-reperfusion-induced damage, the lncRNA NEAT1 (overexpression lentivirus) and the corresponding vector were administered to rats by tail vein injection. Then, the levels of miR-214 in the brain were determined with RT-PCR. We found that the expression of miR-214 was lower than in the vector group after the overexpression of lncRNA NEAT1 ([Figure 6A](#f6-medscimonit-26-e924781){ref-type="fig"}). Next, the apoptosis of brain cells was determined with TUNEL staining. As shown in [Figure 6B](#f6-medscimonit-26-e924781){ref-type="fig"}, the overexpression of lncRNA NEAT1 aggravated the apoptosis of brain cells. Then, the production of SOD, CAT, and MDA in brain tissues was detected with kits. The results ([Figure 6C](#f6-medscimonit-26-e924781){ref-type="fig"}) showed that miR-214 overexpression inhibited the production of MDA and promoted the expressions of CAT and SOD in brain tissues of MCAO rats, and the overexpression of lncRNA NEAT1 rescued the expression of MDA and inhibited the production of CAT and SOD. Furthermore, we detected the expression of PTEN, PI3K, Akt, p-Akt, and VEGF in brain tissues after the overexpression of lncRNA NEAT1 ([Figure 7](#f7-medscimonit-26-e924781){ref-type="fig"}). We found that overexpression of lncRNA NEAT1 suppressed the expression of PI3K, Akt, p-Akt, and VEGF, which was promoted with the higher levels of miR-214. However, the levels of PTEN were enhanced after the overexpression of lncRNA NEAT1.

Discussion
==========

Cerebral ischemia-reperfusion injury is a serious nervous system injury. Without effective therapy, it can induce symptoms such as cerebral infarction and hemorrhagic stroke \[[@b2-medscimonit-26-e924781],[@b3-medscimonit-26-e924781]\]. Some studies have revealed that cerebral ischemia-reperfusion-induced damage of cerebral cortex and inflammatory responses are crucial causes of severe neurological injury \[[@b21-medscimonit-26-e924781]--[@b23-medscimonit-26-e924781]\]. In addition, research suggests activation of the PI3K/Akt pathway relieves the symptoms of cerebral ischemia-reperfusion injury \[[@b24-medscimonit-26-e924781]\]. Another study suggested that urolithin A alleviates myocardial ischemia-reperfusion-induced damage by upregulating the expression of PI3K and Akt \[[@b25-medscimonit-26-e924781]\]. The neuroinflammation and oxidative stress caused by cerebral ischemia-reperfusion can also be alleviated after activation of the PI3K/Akt/Nrf2 pathway \[[@b19-medscimonit-26-e924781]\]. However, a study suggested that higher levels of PTEN can target and suppress activation of the PI3K/Akt pathway and thus aggravate hepatic ischemia/reperfusion injury \[[@b26-medscimonit-26-e924781]\]. Furthermore, the decreasing expression of PTEN was also reported to be associated with remission of ischemia/reperfusion injury of the myocardium \[[@b27-medscimonit-26-e924781]\].

It is well known that microRNA non-coding RNA molecules play critical roles in multiple physiological activities of cells, and miR-214 can relieve the symptoms of acute kidney injury and regulate the proliferation and metastasis of diverse malignant cells \[[@b28-medscimonit-26-e924781]--[@b30-medscimonit-26-e924781]\]. miR-214 was reported to target and repress PTEN expression and thus activate the PI3K/Akt pathway, and activation of the PI3K/Akt pathway alleviated the apoptosis of ovarian cancer cells \[[@b10-medscimonit-26-e924781]\]. In our research, the results showed that the injection of miR-214 agomir promoted the expression of SOD and relieved the apoptosis of brain cells. Furthermore, miR-214 agomir also promoted the expression of PI3K, Akt, and p-Akt, and the levels of PTEN declined after injection miR-214 agomir. However, the remission effect of miR-214 on cerebral ischemia-reperfusion injury was suppressed after the injection of miR-214 antagomir. The results of luciferase reporter gene assay also showed that miR-214 targets and inhibits the expression of PTEN. These results reveal that the miR-214 upregulation relieved the cerebral ischemia-reperfusion injury through suppressing PTEN expression and activating the PI3K/Akt pathway.

lncRNA NEAT1 can regulate the polarization of M2 macrophages by sponging miR-214 \[[@b31-medscimonit-26-e924781]\]. In addition, lncRNA NEAT1 can promote the proliferative ability and metastasis of endometrial carcinoma cells through restricting the biological effect of miR-214 \[[@b20-medscimonit-26-e924781]\]. The above studies indicate that lncRNA NEAT1 exerts its biological function through sponging miR-214, suggesting it may be an effective therapeutic strategy for cerebral ischemia-reperfusion injury treatment. However, whether lncRNA NEAT1 affects the cerebral ischemia-reperfusion-induced damage by regulating the miR-214/PTEN/PI3K/Akt pathway has been unclear. Results of the present study suggest that lncRNA NEAT1 targets and inhibits the expression of miR-214, which is consistent with previous studies. In addition, the overexpression of lncRNA NEAT1 abolished the remission effect of miR-214 on oxidative stress and apoptosis of brain cells of rats. Overexpression of lncRNA NEAT1 also led to upregulation of the levels of PTEN and inhibition of expression of PI3K, Akt, and p-Akt. These results indicate that lncRNA NEAT1 aggravates the cerebral ischemia-reperfusion-induced nervous system injury by abolishing the inhibitory effect of miR-214 on PTEN and inactivating the PI3K/Akt pathway. Taken together, the evidence presented above indicates that lncRNA NEAT1 blocking and miR-214 upregulation may be a novel and effective therapeutic strategy for cerebral ischemia-reperfusion injury treatment.

Conclusions
===========

We demonstrated the effect of the lncRNA NEAT1/miR-214/PTEN/PI3K/Akt pathway on cerebral ischemia-reperfusion-induced damage. Our results revealed that lncRNA NEAT1 aggravated the cerebral ischemia-reperfusion-induced damage by repressing the inhibitory effect of miR-214 on PTEN and thus inactivating the PI3K/Akt pathway. Our study also provides new strategies and targets for clinical treatment of cerebral ischemia-reperfusion patients.
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![miR-214 relieved the cerebral ischemia-reperfusion-induced cerebral infarction. (**A**) The efficacy of miR-214 agomir and miR-214 antagomir was detected with RT-PCR. (**B**) 2,3,5-triphenyltetrazolium chloride staining sections of brain tissues. (**C**) Proportions of cerebral infarction were determined with the formula: Cerebral infarction rate (%)=infarct area/total area×100%. \*\* p\<0.01; \*\*\*p\<0.001.](medscimonit-26-e924781-g001){#f1-medscimonit-26-e924781}

![miR-214 alleviated the oxidative stress of brain tissues. (**A**) The levels of MDA, SOD, and CAT in brain tissues were determined using commercial kits. (**B**) The levels of MDA, SOD, and CAT in peripheral blood were measured with commercial kits. \* p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001.](medscimonit-26-e924781-g002){#f2-medscimonit-26-e924781}

![miR-214 relieved the apoptosis of brain cells. (**A**) TUNEL staining of brain tissues (400×). (**B**) The expression of apoptosis-related proteins in brain tissues was detected with Western blotting. \* p\<0.05; \*\* p\<0.01.](medscimonit-26-e924781-g003){#f3-medscimonit-26-e924781}

![miR-214 alleviated cerebral ischemia-reperfusion injury by inhibiting the expression of PTEN and activating the PI3K/Akt pathway. The expression of PTEN, VEGF, PI3K, Akt, and p-Akt in brain tissues was determined by Western blotting. \* p\<0.05; \*\* p\<0.01.](medscimonit-26-e924781-g004){#f4-medscimonit-26-e924781}

![lncRNA NEAT1 targeted and inhibited the expression of miR-214 while miR-214 targeted and suppressed the expression of PTEN. (**A**) The sequences of mature miR-214 and putative target sites of wild-type PTEN. (**B**) Luciferase activity was determined in the miR-214 mimic and negative control groups. (**C**) The sequences of mature miR-214 and putative target sites of wild-type lncRNA NEAT1. (**D**) Luciferase activity was assessed in the miR-214 mimic and negative control groups. \*\*\* p\<0.001.](medscimonit-26-e924781-g005){#f5-medscimonit-26-e924781}

![lncRNA NEAT1 attenuated the remission effect of miR-214 on cerebral ischemia-reperfusion injury. (**A**) The levels of miR-214 in brain tissues were determined by RT-PCR after overexpression of lncRNA NEAT1. (**B**) TUNEL staining was performed to detect apoptosis in brain tissues after the overexpression of lncRNA NEAT1. (**C**) The levels of MDA, SOD, and CAT in brain tissues were determined after the overexpression of lncRNA NEAT1. \* p\<0.05; \*\*\* p\<0.001.](medscimonit-26-e924781-g006){#f6-medscimonit-26-e924781}

![Overexpression of lncRNA NEAT1 rescued the expression of PTEN and suppressed the expression of VEGF, PI3K, Akt, and p-Akt in brain tissues. The expression of PTEN, VEGF, PI3K, Akt, and p-Akt in brain tissues was determined with Western blotting after the overexpression of lncRNA NEAT1. \* p\<0.05; \*\* p\<0.01; \*\*\*p\<0.001.](medscimonit-26-e924781-g007){#f7-medscimonit-26-e924781}
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